Stresses in rock masses, particularly stresses caused by mining activity, produce different kinds of anelastic deformations. In brittie rock, anelastic deformation initiates formation of microcracks or leads to the extension of existing cracks, and may eventually widen the aperture. This type of deformation thus influences the fluid transport through the fracture network. The changes in the fluid transport generally change the conditions for washing out material which obstructs hydraulical channels. As a result, an increase of stress or a change of rock strengtb, due to anelastic deformation or chemical processes in the rock mass, causes a variation of the rock permeability, which may be a beginning of sudden changes in the hydraulic regime.
• the mining system, especially for salt mining chambers, which may get destroyed as a result of inundation;
underground waste deposits;
• the stability of the rock substratum, because fluid overfiow may lead to the creation of cavities duririg subsidence of rocks (sinking holes).
In Poland there are examples of very intensive outfiow of water into underground excavations. Thus, the control of fluid transport is a major issue for ensuring the safety of underground constructions. Continuous measuring of the electrical resistivity of rocks in a hazardous zone is a possible means for achieving this aim. There are two types of stresses which can influence the properties, such as porosity and permeability, of fractured rock. The first of them is the average external stress S, the second is fluid pressure P within the pores. As a result of the stress carried by the fluid, a change of pore volume V, as well as variations of stress and pressure may be expected. Actually, it may be shown that where 5' is the effective stress in the rock skeleton and is the porosity.
Let k denote the coefficient of compressibility relevant to external stress, I the coefficient of compressibility relevant to fluid pressure. Then the variations i4,, S and LP of the pore volume, average external stress and fluid pressilre, respectively, are related as foliows:
This equation shows that if the external stress remains constant ( = 0), and in particular if there is no external stress, the pore volume increases with increasing fluid pressure. On the contrary, increasing external stress causes a decrease of the pore volume. Although no specific functional relation between porosity and permeability of rocks is known yet, we may safely accept that a closure of cracks and pores inside rock leads to a decrease of rock permeability.
The anelastic deformations of brittie rocks depend on the stress level. Beyond a critical value of external stress, a large number of small cracks appear in the rock. This stage of rock destruction is called dilatancy. In the next stage, a coalescence of small cracks occurs. The hydraulic pressure then produces, as a mle, a widening of the aperture in existing fractures and their extension. The bydraulic properties of fractured rock also depend on the rock structure. Thus, magmatic or metamorphic rocks have very low porosity, and the permeability depends on the connectivity of the fracture network. Often less than 20% of the total nuinber of fractures allow the transport of water.
Let us model the geometrical shape of a fracture as a pair of smooth parallel plate wails of length £ and width W, separated by a distance b, and the flow of fluid through such a fracture as a one-dimensional pressure-driven steady laminar flow of a viscous incompressible fluid with dynamic viscosity i. Under these circumstances, it is easy to establish (e.g. Lamb, 1932, p. 582 ) that the pressure gradient OP/Ox along the fracture axis x is constant. Let P denote the pressure drop between the entrance (x = 0) and the exit (x = £) of the channel, then aP/ax = LP/L The volumic flow rate Q across the fracture of aperture b, length £ and width W is given by -b3WLP 12 £
The fact that the flow rate in this model depends on the third power of the aperture may be used to explain why so many charinels can be clogged up. The latter formula is valid for a single channel; however, it may easily be generalized for any number of channels associated either in series or in parallel. The network of fractures forms clusters, and their hydraulic connectivity depends on the hyciraulic links between the network nodes. The leakage of fluid starts when the local crack networks become an infinite cluster. Let p denote the probability that two diferent network nodes become connected. 1f p <Pc (where p is some critical level called the 'percolation threshold'), the average size X (r) of the finite cluster, which is equivalent to a correlation length, is given by X(r) = A, where = p -p, v 0.8 and A is some constant. Obviously, the size of the cluster becomes infinite for p = p< . Above the percolation threshold, Le. for p > Pc, the conductivity of the network is described by means of the function K(p) = 3 &. For a three-dimensional network, we have r = 1.75 and = const.
A different kind of rock structure can be observed for sedimentary rocks such as sandstone or coal. A dual permeability model for fluid transport may be used for such rocks. A first permeability is coimected with micropores and microfractures having very small apertures. On the other hand, macrofractures develop as local clusters of connected fractures as a result of dilatancy. They may change the conductivity of the network appreciably. Actually, Clemo and Smith (1989) have sbown that they are responsible for almost all transport of fluid. 1f the hydraulic channels are filled with salty water, they become good electric conductors. The electrical conductivity is roughly proportional to the hydraulic conductivity. Herice, measuring the changes of electrical conductivity of rocks yields the changes in permeability.
In order to investigate the relationship between the evolution of anelastic strain induced by external stress or hydrofracturing pressure, and electrical resistivity, we carried out two kinds of laboratory tests on coal samples. The experiments showed indeed a dual permeability. In the first experiment, we observed the changes in the relative re-
sistivity caused by the external pressure in the stress apparatus. The coal samples were compressed triaxially until destruction occurred, and the tests were performed under a constant confining pressure. The axial stress was applied by a fast-acting servo-controlled electro-hydraulic loading system under axial displacement controL Some resuits of our measurements are provided in Fig. la, whereas Fig. ib illustrates part of the experimental setup. There are dear indications of anelastic deformation shown in the stress-strain plot. The decrease of relative resistivity correlates well with the development of this process. In particular, a very sharp decrease before the final failure occurring for 3% strain shows that resistivity changes are indeed very informative for the recognition of crack coalescence which prepares rock for the final failure. We should like to point out that such effects have not only been observed in the laboratory, but also in the mining practice (Marcak, 19S4) . In the second experiment, we applied uniform confining and axial pressures up to predetermined values, and then introduced water into the axial hole under controlled flow rate and pressure. During the measurement cycle, we recorded the confining pressure, water pressure in the axial hole, as well as the resistivity of the sample. The water pressure in the axial bole was increased until failure of the sample occurred. This destruction was accompanied by the fali of water pressure in the axial hole and by rapid resistance changes just before failure. Our results are presented in Fig. 2a . The respective patterns of the pressure and resistivity curves ex.hibit the strongly fluctuating character of the geomechanical process. Again, Fig. 2b sketches part of the apparatus used for obtaining the data reported in Fig. 2a .
We note the existence of two phases of resistivity change. Phase A is generally associated with an increase of the relative resistivity, and phase B with a sharp decrease. The interpretation of these two phases seems straightforward. Indeed, as a consequence of the applied hydraulic pressure, a main fracture is formed. Thus, an increase of the hydraulic pressure either makes the fracture larger or makes it longer. During phase A, the pressure on the fract ure wall increases. The effect is a closure of conductive cracks and an extension of the fracture, with a concomitant increase of the resistivity. Then, during phase B, the hydraulic pressure decreases, leading at the outside to a reopening 
of conductive cracks. Thus, the electrical resistivity of the sample decreases again. The onset of fracture extension can easily be recognized on the test results (cf. Fig. 2a ). The experimental resuits reported here demonstrate that changes in the electrical resistivity of rocks precede the development of anelastic strain in the rock mass which leads to a sudden change in the hydraulic regime. We therefore conclude that electrical resistivity measurements allow us to recognize mechanical changes in rock samples (particularly in coal samples) caused both by external stress and by the pressure of fluids fihling pores and cracks.
